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SELF-BROADENING OF PRINCIPAL SERIES LINES OF RUBIDIUM AT
HIGH NUMBER DENSITIES

. H. J. Kusch, et al,
Institute of Experimental Physics of Kiel University

I. Introduction £257

The resonance broadening of spectral lines of alkalli metals
has been the subject of numercus investigations for more than
40 years. However, these studies were usually restricted to
the resonance lines [1-10] -- a major reason was the corrosiveness
of alkali vapors at high temperatures and vapor densities. The
desirable extension of these results to higher series terms has
been made in [11-13]; in connection with the recent contribution
of Schreiber et al [13], we now report measurements on self-
broadening of principal series lines of rubidium. As in [13], /258
but unlike all previous studies of other authors, the number
density was determined spectroscopically; this method avoids the
use of the vapor-pressure curve, which is not always free of

problems.

II. Theoretical Section

1. Spectroscopy of Absorption Lines

If a beam of light passes through a layer of gas of thickness
£ with extinction coefficient Ky s the 1Intensity of the background
light I; (0) and the transmitted intensity I, (%) are connected
by the relation

(1)

_1_ 1,0 “
na——l—]n IZU) . /

If, for a given absorption line, 1n [I,(0)/I,(2)] is plotted vs.
the difference the wavelength and the center of the line, the
resulting curve is that of the extlnetion coefficient; the

*Numbers in the margin indicate pagination in the foreign text.



width of this profile is The desired half-width. The extinction
coeffic1ent Kg in the center of thelineand K1/2 at the half-width

are found from (1) to he:

1. Io LY T
KD:TIH Im‘:n ‘\l and Ky= ] In A ] (la)
with
xi=x0/2. ' (lb)
The intensity at the half-width is then:
=TI T (1e)

in other«swords, to determine the half-width, it 1s not necessary
to plot the entire logarithmic profile; instead, 1t is enough to
read off the entire width at intensity I1/2‘ It is well-known
that integratlion over the entire logarithmic profile of the
absorption line yields:

+ w 7 nez —L :
§ 1, dd=—"32Nf;
o .om,c ) ] (2)

In this equation, e, m, and ¢ are the well-known physical constants,
A the central wavelength of the spectral line, N the number density
of the absorbing level, and f the absorption oscillator strength
From the experimental values of this integral, together with (1),

it is easy to determine the number density of absorbing atoms,

as long as the oscillator strength is known.

Along with this method of determining the half-width of /259
absorption lines, indirect methods are frequently used in which
a damping distribution is assumed for the profile of the



extinction cecefficient:.

2 |
__me Y . (3)
= N ’
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AX is the separation from the cehber_lo of the line, and ¥ is
the damping width (in angular-frequency units). The overall
absorption obeys:

o

for great optical depths To in the center of the line:

ne’Nfl 4 \
Tp= —

mec 7

{4), according to Ladenburg and Reiche [14] leads to the. simple

expression:

A AN
A=o (W) N ]
ey () o (ia)

If the equivalent widths are plotted against number density, the
result 1s a stralght line, and it is easy to determine the.damping
width ¥y from the slope of this line.

Since this method can be applied only to strong absorption
lines, 1t is impossible to make a comparison with measurements
fromithe direct method (1).

2. Broadening of alkall principal series lines

A discussion [13] of competing causes of the broadening,
using typlcal values for number densities and temperature, led to
the conclusion that the measured line widths of rubidium lines

are due entirely to interaction with rubidium atoms.



Weisskopf [15-17] assumed dipecle-dipole interaction between
the alkali atoms. The resulting interaction potential, together
with the equatidons of collision damping theory (Lindholm [18]) = /260
eventually yleld the damping constant:

_ 2e2fN_
BT e’ _ J (5)

In this equation, f 1s the oscillator strength of the transition
generating the line, and wg 1s 1ts angular frequency. The
validity of these equations is limited, however, by

4n \“F :

(%) > | (5a)
Here py 1s the "Welsskopf! collision radius associated with 'phase
disturbance 1:

(52|

(5b)

where 03 1s the interaction constant of the elementary law:
Aw = 2w03/r3 and.v is the relative velocity of the collision

partner.

The assumption underlying the quantum-mechanical calculation
of the interaction potential of identical particles, namely that
the atomic dimensions are small in comparison with the distance
between the colliding partners, according to Bates and Damgaard
[19] resulted in the condition:

T e——

g

%% n*[(5n*?+1-310+ 1)< (1311\7) -*; }

(6)

n* is the effective principal quantum number and £ the
secondary quantum number.

7
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Fig. 1. Comparison of average dlistance
between two atoms rx.wlth "atomilce
radius" of various excited states r
according to Bates and Damgaard [19
(effective principal quantum number
n¥). The ordinates show, together

with the rubidium atomic densitles,

the associated temperatures (assuming
saturated vapor). The measured values
lie largely in the region ry/re < 1.

Numerical
calculations show

- that as in [13],

condition (6) is

not satisfied for
high series terms and
large number densities
here either;i Fig. 1
shows this situatilon.

Reinsberg's. [[20]
quantum-mechanical
calculations of the
asymptotic ecollision
cross section (Fermi)
obtained the following
1imit for the damping
width at the series
limit:

N
=_§§Gteﬂ: kT .
”“"52"(2;:)(?;?)”’ ]

(7)

In this equation, pu is the reduced mass of the colliding particles,
and a the polarizibility of the interfering atom (in this case,

the rubidium atom)l

1 . ..
According to. Sternheimer [21], the value used for the numerical

relations is o = 49.1-10-24%cm3.



III. Experimental Conditions .

l. Absorption vessel and electrical furnace

The absorblng rubidium vapor was produced in an absorption
fube made of a heat-resistant and a scalé-résistance steel,
the tube being heated in an evacuating electrical tube furnace
to temperatures as high as 420°C. Detalls of the deslgn can
be seen in [13]. As opposed to [13], soft annealed copper rings
provided with cutting edges were used to produce the high-
temperature~resistant seal of the sapphire windows«..

2.. Optical arrangement

A xenon high-pressure lamp was again used to produce the
Background continuum. Quartz lenses focused the arc in the center
of the absorption tube and then on to the slit of the spectro-
graph (3.4 m grating spectrograph, Ebert setup, 5.1 &/mm in /262
first order). To produce the intensity marks, an. auxiliary
beam path illuminated a step filter with fine transparency
gradations. Because of the high light intensity of the Xenon
lamp, relatively insensitive and thus fine-graified Ilford N 30
plates were used to record the spectra and always gave Schlieren-
free layers after hard development.

IV. Results
l., Spectra

The principal serles linescsf rubidium were recorded from
the second series term (53281/2 - 6p2P1/2) at 4215 & up to the
series limit at 2967 2. Generating the spectra in the interval
of 350-420°C with an increment of 10°C proved to be a favorable
procedure; at lower temperatures, the vapor densilties, and thus
the line widths,.were so small that they could not be resolved.
Higher temperatures resulted in complete absorption in the 1line

profiles.



The measurements covered 32 lines of the principal series
of rubidium with the transitions 55281/2-- np2P1/2 3/2
(6 £n s 37). Extending the measurement to still higheruséries
terms would have required a further increase in vapor densitiés;
however, this would make the lines so broad they could no longer
be. separated.

The resonance lines could not be measured directly, since,
because of the high oscillator strength of these transitions,
analyzable absorption depths were not obtained unless the number
densities were such that the line width was close to the 80 mh
apparatus width. Analyslis by the indirect method from the total
absorption (4a) was omitted in this case, since the reguired
determination of vapor density from total absorption of higher
series terms could not be carried out because the abscorption
depth was too small.

2. Anadysiscof Spectra
The intensities were measured with a microphotometer; the
readings were converted to intensity units wvia optical density

cunves.

a) Half-widths. In accordance.with (1), the half-widths
of the lines are the half-widths of the logarithmic intensity
profiles; (lc) was used for a quick determination. The
measurement yielded half-widths between 150 md to 600 mﬁ; at
half-widths less than 200 mﬁ, the apparatus width was taken into
account. For the transitions 53281/2 - np2P1/2 3/2 (5 £ n £ 10),
the doublet components could be resolved and measured separately /263
From the transition 55281/2 - llp2P1/2 3/2 on, this was no longer
‘possible; however, the separation of the components was negligibly
small in comparison to the measured half-widths beyond about n = 15,
so that the nonresolvabllity of the components ecaused fadsification
in the results onlyiin the intervening region.



b) Number. densities.

Rubidium number densities

8~

were determined from different

lines of a single spectrum

Y f-Werte des Rubidiumsa. |

\ on Marr —— und |
\ Anderson s—s € logarithmic absorption curve

by integratlion over the 1o i

5\
: - as in (2); the accuracy of
'\\ this procedure is essentially
1

10

determined by the information

|
4T

\
\ § on oscillator strengths.

[N Because of the superior /264

‘ \ agreement with the vapor

\ \ _ pressure curve [24], the

\\ oscillator strengths of Marr
HHA . and Creek [22] were again used,

10
e \ as in [13]. Fig. 2.1illustrates
\ B the uncertainty which still

o

L1
L=t

5 0 50 w00 A | exists in the data on oscillator

strengths for the principal

Fig. 2. Absorption oscillator serles lines of rubidium, by
strengths of principal series
lines of rubidium as a function
of effecgive principal gquantum those given by Anderson and
number n* according to Marr .

and Creek [22] or Enderson and zilitis [23].

zilitis [23].

comparing these values with

Key: a. f-values of rubidium ¢) Half-widths (deter-
b. of mined by (4a) from total
¢. and .
absorption. In crder to discover
whether the direct determination
of half-wldth from the logarithmic absorption curves using (1) and
(le) was equivalent to obtaining values by (l4a) from total
abserption, both methods were applied to the line _
2 - 2p ; oy '
5884 /2 21pePy sp ~3/p for varlous number densities. The value
of 248Xy/p/N(obtained from direct measurement (&iy,p, = half the

half-width in wavelength units) was 0.45.10-2%em=%, and this was



2.1 times greater than the indirectly determined value of 0.2
.21+1025¢m~%. These discrepancies can be ascribed partly to the
violation of (4a) (TO Z 10); in this case, the optical depth in
the center of the line was only 1.5. The influence of neglecting
the term (y/2)2 in the dispersion denominator on the equivalent
widths was investigated; the resulting differences of 40% gave
damping constants smaller by a factor of 1.4 than the values
determined by the direct method. Remaining discrepancies can be
exXplained by errors in measurement and by profiles deviating from
the dispersion type.

. 3. Discussion of Errors.in Medsurement

In the photographlc-photometric method of measurement, the
errors in the half-widths are probably not less than 15%. When
the number density was determined, there were deviations of 10%
from the mean value. Thus, the given values for 24X1,p/N or
¥/N must be anticipated to have uncertainties of 25%. Forr lines
with large half-widths, this wvalue is probably not exceeded,
while effects of the apparatus must be taken into account in the
case of narrow lines. If the spacing between the doublet com-
ponents is comparable with the half-width, this will also result
in systematic discrepancies.

4. Results
In Flg. 3, the half-width of the rubidium line
3281/2 - 22 p2P1/2 3/2 is plotted agalnst number denslties;

in Table 1, the (entire) half-widths (in A and in angular- /2
frequency units), expressed in terms of the number density,
are listed together with the oscillator strengths of the lines.
Fig. 4 shows the linear dependence of the half-width on the
oscillator strength for the lines 15 2 n < 28 at a number density
of 59-1015cm'3; for other densities, the relations can also be
represented by stralght lines. Consequently:

y=const. fN;. !
‘ : (8)
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at number density

59.1015em=3 vs. oscillator
strength according to Marr and

Creek [22].
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This relationship /266
differs from the result (5),
obtained from calculatlions of
dipole-dipole interaction and
from collision damping theory,
by the value of the constant,
which is larger in this case
by a factor of about 10°.

Fig. 5 shows the damping
constant relative to rubldium
density as a function of the
principal quantum number of

the upper level of the line,

and Fig. 6 shows the quotient /268

2AA1/27N as a function of
osclllator strength for the
rubidium lines discussed in
this work and the potassium
lines from [13]; the propor-
tionality to osecillator
strength is again noteworthy.
As Fig. 5 implies, the half-
wldths converge to a finite
limit when the series l1limit is
approached, which is consistent
with the predictionscof
ReinsbergTS'theonyEEO]. The-
width measured for the

552815 = 35p2P1 /5 3, line
relative to number density

A/N = 3.2-10-6cm3sec-1,
while the value calculated from

was

the asymptotiec collision cross
section by (7) was



TABLE 1. MEASURED HALF-WIDTHS VS. NUMBER DENSITY

Column (1) contains the transition, (2) the wavelength of the
“line and (3) the absorption oscillator strength according to
Marr and Creek

0 @ ® @ ® '

Transitions ' 4 S 2454 r_ |

5,231 P T inA N N J
~ cm? cmisec™l

—1p%Pys 3591 08 -1073 15310736 221076
~1p3Pys 3587 L6 -1073 23,8 kL3
—8p2Py, 3350 24 -1071 8,7 - 14
—8p2Py, 3348 48 -1074 14,2 24
—9p %Py 3229 1,0 -1074 6,7 13
—9p2Py 3227 2,0 1074 12,71 3
—~10p 3Py 3158 48 -107% 6,4 C12
—10p 2Py, 3157 9,6 1075 10,3 19,5
—~15p 2Py a2 3031 . 1,7 1075 9,3 18,8
~16p2Py;; 312 3022 1,35 1075 8,7 11,5
—17p2Py 3 302 3014 1,04-107% 7,5 15,7
—18p%Py;3 32 3008 8,25 -107¢ 7,0 14,6
=19p2Py 13 37 3003 6,69 -107¢ 5.8 113
=20p %Py a2 2599 548 -107¢ 4.8 10,1
—20p3Pyy; 312 2996 457-107% 45 9,3
=22p%Pya g . 2993 3851076 40 8,5
—23p2Py3 312 2990 3,28 - 1076 3,5 73
—24p2P 15 32 2988 2,8 -1076 3,0 6,5
—25p2Pyy3 302 2986 24 <1076 2,7 58
—26p3P 15 312 2985 20 - 106 2,3 5
—21pPyj. 312 2983 18 -1076 21 a7
—28p2Py s 3z 2982 L5 100 - 20 45
_29p 2P1,2'3,2 2981 1.35 - 10-5 l.g 4.3
~30pPy 13 312 2980 1,2 -1078 1.8 40
—31p2P 32 2979 L1 -107¢ 1,9 .43 ;
~32p%P, 15 32 2978 94 -1077 1,7 . 33
=33p2Py a2 2971 85 -1077 1,7 - 3,7 -
_34P2P1[2|31'2 2977 7'6 * 10-1 1.6 3.3
—35p2Py 5 0 2976 68 1077 1,6 ! 3,2

Yoo/ N = 0.25-10-6cm3sec-1. However, it is dubious whether this

l1imit has been reached by n = 35.

Concluding Remarks
In order-of-magnitude terms, the line widths reported in

this work for the principal series &ines of rubldium can be

interpreted by the quantum-mechanical polarization equations
for the equation process given by Reilnsberg. However, it is
desirable that the measurements be extended to cover a wider

11
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Fig. 5. Damping constant of principal
series line of rubidium divided by
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Principal quantum number. According
to Reinsberg [20]1, y/N converges to

a
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Fig..6. (Entire) Half-width (in wavelength units) of rubidium
and potassium [13] lines, dilviddd by number density, in relation
to absorption oscillator strengths given by Marr and Creek [22];
surprisingly, the dependence is the same for the potassium and
rubidium lines.



range of number densities, first so that the hypothesesouof
collision theory would be satisfied better, and second to study

the interaction at higher wvapor densitlies up to the transition

to chemical bonding. In order to achleve equal absorption depths
at lower densities, the light beam must pass through the absorption
tube many times and interferometric techniques must be employed.
The length of the absorption cell should be reduced for direct

measurements of line widths at high vapor densities.

Further studies of this type are in progress; they will be
reported once they are concluded.

We thank Professor W. Lochte-Holtgreven, Director of the
Institute of Experimental Physlics of Kiel University, for the
chance to coriduct this research, and for his interest in its
progress. It was supported by grants from the Federal Minister
for Education and Science.
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